Replication of positive-strand RNA viruses, the largest group of plant viruses, is initiated by viral RNA-dependent RNA polymerase (RdRp). Given its essential function in viral replication, understanding the regulation of RdRp is of great importance. Here, we show that Turnip yellow mosaic virus (TYMV) RdRp (termed 66K) is degraded by the proteasome at late time points during viral infection and that the accumulation level of 66K affects viral RNA replication in infected Arabidopsis thaliana cells. We mapped the cis-determinants responsible for 66K degradation within its N-terminal noncatalytic domain, but we conclude that 66K is not a natural N-end rule substrate. Instead, we show that a proposed PEST sequence within 66K functions as a transferable degradation motif. In addition, several Lys residues that constitute target sites for ubiquitylation were mapped; mutation of these Lys residues leads to stabilization of 66K. Altogether, these results demonstrate that TYMV RdRp is a target of the ubiquitin-proteasome system in plant cells and support the idea that proteasomal degradation may constitute yet another fundamental level of regulation of viral replication.
INTRODUCTION
Genome replication of positive-strand RNA [(+)RNA] viruses, the largest class of viruses, which includes significant pathogens of humans, animals, and plants (van Regenmortel et al., 2000) , requires assembly of an intricate replication complex comprising both viral and host proteins that forms on intracellular membranes (Ahlquist et al., 2003; Nagy and Pogany, 2009 ). Successful replication depends to a large extent on the ability of these viruses to generate viral proteins at the required concentration and in a coordinated manner during the various stages of the replication cycle.
Within the replication complex, viral RNA-dependent RNA polymerase (RdRp) plays a pivotal role in the viral infection process, catalyzing synthesis of new viral RNA genomes from the original infecting RNA (Ahlquist, 2002) . The importance of maintaining the correct balance of RdRp during viral infection has been highlighted in recent studies, as host membrane rearrangements, RNA replication, and RNA recombination efficiencies are affected by the absolute and relative abundance of viral RdRp (Schwartz et al., 2004; Pantaleo et al., 2004; Jaag et al., 2007) .
Many (+)RNA viruses produce their replication proteins as polyprotein precursors that are subsequently cleaved to generate functional viral gene products (Buck, 1996) . Equimolar synthesis of proteins as part of the initial polyprotein implies that differences in the concentrations of mature viral proteins are determined by differences in maturation rates and by differences in their subsequent degradation rates.
The degradation of proteins by the ubiquitin-proteasome system (UPS) is recognized as a major process by which many aspects of cell biology are regulated (Glickman and Ciechanover, 2002) . Ubiquitin (Ub)-mediated degradation has been widely conserved across the eukaryotic kingdoms, including yeast, plants, and mammals, and as judged from the large number of Arabidopsis thaliana genes involved in Ub-dependent protein turnover, as well as accumulating genetic or biochemical studies, protein degradation by the UPS plays a central role in many processes in plants (Bachmair et al., 2001; Vierstra, 2009) .
It has also become increasingly clear in recent years that the UPS is involved in the interactions between plants and pathogens (Zeng et al., 2006; Dreher and Callis, 2007; Citovsky et al., 2009; Craig et al., 2009; Trujillo and Shirasu, 2010) . Signaling and regulation of nonhost disease resistance, basal immunity, resistance gene-mediated responses, and systemic acquired resistance appear to involve members of the UPS (Kim and Delaney, 2002; Liu et al., 2002; Peart et al., 2002; Trujillo et al., 2008) , and perturbation of the Ub conjugation pathway was also shown to alter plant responses to pathogens (Becker et al., 1993; Dong et al., 2006; Goritschnig et al., 2007) .
Interestingly, the UPS is not only used by host cells in immunity and biotic stress responses, but it can also be manipulated and subverted by pathogens, including viruses, for their own use (Isaacson et al., 2009; Spallek et al., 2009; Dielen et al., 2010 ). Yet, appreciation of its full capability is limited by the extreme paucity of known targets (Zeng et al., 2006; Dreher and Callis, 2007; Citovsky et al., 2009; Vierstra, 2009; Trujillo and Shirasu, 2010) .
A better understanding of the involvement of the UPS during (+)RNA virus infection may thus provide deeper insights into plant-pathogens interactions and open new avenues for the development of antiviral strategies. Here, we address this question by studying the stability and degradation pathway of Turnip yellow mosaic virus (TYMV) RdRp in Arabidopsis cells.
TYMV, the type member of the genus Tymovirus, is a plant (+) RNA virus that has proven useful in the study of fundamental aspects of viral multiplication (Dreher, 2004) . The 6.3-kb genomic RNA (gRNA) encodes two nonstructural proteins of 69 and 206 kD (206K), the coat protein (CP) being expressed from a subgenomic RNA (sgRNA) produced during viral replication. 206K, the only viral protein required for TYMV replication, shares considerable sequence similarity with replication proteins of other (+)RNA viruses (Buck, 1996) and contains domains indicative of methyltransferase, proteinase, NTPase/helicase, and RdRp activities. Self-cleavage of 206K generates a C-terminal 66K protein encompassing the RdRp domain and an N-terminal 140K protein that is further processed into 98K and 42K proteins (Prod'homme et al., 2001; . Assembly of TYMV replication complexes depends on interactions between the 66K RdRp and the membrane-bound 140K protein (Prod'homme et al., 2003; Jakubiec et al., 2004) .
Several lines of evidence suggest that TYMV 66K RdRp is conditionally targeted for degradation: first, we reported that 66K is phosphorylated and ubiquitylated when expressed in insect cells (Hé ricourt et al., 2000) . Two phosphoresidues (Thr-64 and Ser-80) were mapped within an N-terminal PEST sequence, a conditional signal for protein degradation (Rechsteiner and Rogers,1996) that is conserved among tymovirus RdRps (Hé ricourt et al., 2000) . The same phosphoresidues were identified in plant cells, where their phosphorylation status appears to be regulated by the virus-encoded 140K protein (Jakubiec et al., 2006) . Mimicking their constitutive phosphorylation led to a severe decrease in the accumulation of 66K in infected cells and appeared strongly deleterious for viral infectivity (Jakubiec et al., 2006; . Time-course experiments demonstrated that 66K RdRp accumulates transiently during viral infection (Prod'homme et al., 2001) , while analysis of the stoichiometry within viral replication complexes revealed that the amount of 66K was only ;1/20 of that of its 98K protein counterpart (A. Jakubiec and I. Jupin, unpublished data) .
Here, we provide evidence that TYMV RdRp is indeed a target of the UPS in plant cells, with the degradation machinery targeting the PEST squence in the N-terminal domain of 66K. Several Lys residues that act as target sites for ubiquitylation were also mapped. Our findings suggest UPS degradation as yet another fundamental level of regulation of viral replication.
RESULTS

UPS Involvement during Viral Infection
Following infection of Arabidopsis protoplasts with TYMV RNA, the amount of 66K protein is maximal at 24 to 30 h postinfection (hpi) and then decreases gradually until 48 hpi (Prod'homme et al., 2001) . To assess the involvement of the 26S proteasome, the major proteolytic degradation system in eukaryotic cells (Glickman and Ciechanover, 2002) , during this step of the viral infection process, the proteasome inhibitor MG132 was added at both 28 and 36 hpi (Lee and Goldberg, 1998) . As shown in Figure  1 , this treatment markedly increased the 66K protein level compared with control DMSO treatment, consistent with the hypothesis that downregulation of 66K at late time points in viral infection is proteasome dependent. No effect was observed on the level of CP, ruling out a general effect of MG132 on the level of protein synthesis.
These results indicate that the UPS is likely to be involved in 66K accumulation during TYMV infection.
UPS-Mediated Degradation of 66K
To determine whether 66K constitutes a direct target for the UPS and to further characterize the 66K degradation process in plant cells, a combination of two different techniques was used.
First, we measured protein half-life by performing pulse-chase labeling experiments using a stably transformed Arabidopsis suspension cell line that constitutively expresses a 66K-His protein. The encoded protein is biologically active, as previously demonstrated by its ability to trans-complement a defective viral mutant (Prod'homme et al., 2003) .
To determine the half-life of 66K, Arabidopsis cells were pulse labeled, followed by incubation in chase medium for varying periods. The cells were lysed and the 66K protein was immunoprecipitated using specific antibodies (Figure 2A , left). After correcting for the amount of labeled protein present in the immunoprecipitates, the in vivo half-life of 66K in Arabidopsis cells was estimated to be ;5 h (Figure 2A, right) . Addition of the proteasome inhibitors MG132 and clastolactacystin b-lactone to cells expressing 66K-His led to a stabilization of the protein in both cases ( Figure 2B ), demonstrating that 66K is targeted for degradation by the 26S proteasome. Arabidopsis protoplasts were infected with TYMV RNA and were treated with DMSO or the proteasome inhibitor MG132, as indicated. Cells were collected at 24 or 48 hpi, and equivalent protein amounts were subjected to immunoblot (IB) analysis using anti-66K and anti-CP antibodies. Ponceau staining of the membrane (stain) is shown to indicate protein loading.
In a complementary approach, we used the ubiquitin/protein/ reference (UPR) technique (Lé vy et al., 1996) . In this system, a test protein is produced as a translational fusion to a stable reference protein separated by a Ub monomer. Such fusions are rapidly and precisely cleaved at the C terminus of Ub by cellular Ub-specific processing proteases, yielding equimolar amounts of the test and reference proteins ( Figure 2C ). This technique avoids the need for pulse-chase labeling to study protein degradation signals, as determining the steady state molar ratios of test and reference proteins in cell extracts yields a direct ranking of their metabolic stabilities (Lé vy et al., 1996) . Different variations of this method have been used successfully in plants (Karsies et al., 2001; Stary et al., 2003) , and we adapted it using two stable reporter proteins whose activity can be quantified directly in crude cell lysates. We constructed the plant expression vectors pV-CAT:LUC and pV-CAT:66K-LUC, in which chloramphenicol acetyl transferase (CAT) served as the internal control and luciferase (LUC), unfused or N-terminally fused to the 66K protein, served as the test protein ( Figure 2C ). The LUC/CAT activity ratio reflects the instability of the test protein. Fusion of the 66K protein to LUC caused a significant reduction in both the LUC/CAT activity ratio ( Figure 2D ) and the steady state level of LUC protein as determined by immunoblotting ( Figure 2E ), thus validating this approach and confirming the instability of the 66K protein in plant cells.
The proteasome inhibitors MG132 and clastolactacystin b-lactone both had a strong inhibitory effect on protein production in plant cells, consistent with previous reports (Karsies et al., 2001; Deroo and Archer, 2002) . However, after correcting for this effect using the control plasmid pV-CAT:LUC, both inhibitors led to a stabilization of 66K, compared with DMSO treatment ( Figure  2F ), again confirming the involvement of the 26S proteasome in degradation of 66K in plant cells.
66K Is Not Degraded by the N-End Rule Pathway
A major determinant of protein half-life is the presence of degradation signals, or degrons (Glickman and Ciechanover, 2002; Ravid and Hochstrasser, 2008; Jadhav and Wooten, 2009 ). Both modular domains and small peptide sequences have been shown to act as degradation signals. Among them is the N-end rule degron, which relates the in vivo half-life of a protein to the identity of its N-terminal residue (Bachmair et al., 1986; Varshavsky, 1996) .
The 66K derives from proteolytic processing of the precursor 206K polyprotein and bears an N-terminal Thr residue, a stabilizing N-terminal residue in yeast, but a destabilizing one in mammals (Gonda et al., 1989) . To determine whether the N-end rule is involved in 66K instability in plant cells, we performed sitedirected mutagenesis of plasmid pV-CAT:66K-LUC, replacing LUC-66K were immunodetected using anti-LUC antibody. Samples were adjusted to equal CAT activity and equal total protein by addition of negative control (water) extract to samples with lower protein content. (F) Stability of LUC fusion proteins was measured using the UPR assay in the presence of DMSO, MG132 (n = 8), or clastolactacystin b-lactone (n = 6).
the first residue of 66K with either a stable Met residue or with Trp, Phe, Tyr, Leu, or Arg residues, which are known N-end rule substrates in plants (Worley et al., 1998; Stary et al., 2003; Garzon et al., 2007) .
As shown in Figure 3A , no significant difference in 66K stability was seen when the wild-type Thr was compared with Met at the N terminus. Other substitutions also did not affect the 66K turnover, except Arg, which had a modest effect. These results thus suggest that the N-terminal Thr of 66K does not act as an instability determinant, indicating that TYMV 66K is not a natural N-end rule substrate in plant cells.
Importance of the N-Terminal Domain and the PEST Sequence in 66K Instability
To further characterize domains directing degradation, 66K N-or C-terminal sequences were fused to LUC, and protein stability was analyzed using the UPR system. As shown in Figure 3B , the 66K (172-586) -LUC fusion protein appeared much more stable, whereas the 66K (1-173) -LUC fusion was unstable and accumulated to a steady state level comparable to that of the full-length 66K protein. From these data, we conclude that the major cisdeterminants responsible for the instability of 66K lie within the N-terminal domain.
Interestingly, a high turnover rate was also observed when amino acids 54 to 97, corresponding to the proposed PEST sequence within the 66K protein (Hé ricourt et al., 2000) , were fused to LUC. This result indicates that the PEST sequence could function as a transferable degradation motif that is likely to constitute the 66K degron.
Influence of Phosphorylation on 66K Instability
Because PEST sequences are reported to behave as phosphodegrons (i.e., conditional signals for degradation regulated by phosphorylation/dephosphorylation; Hunter, 2007) , we next wanted to examine the importance for 66K stability of residues Thr-64 and Ser-80, previously reported phosphorylation target sites within the PEST sequence (Hé ricourt et al., 2000; Jakubiec et al., 2006) . Thus, mutations affecting these residues were introduced in the plasmid pV-CAT:66K-LUC: substituting target residues with Ala led to a phosphorylation-deficient mutant, while phosphorylation was mimicked by substituting Ser and Thr with the negatively charged Asp to reproduce the electrostatic and steric effects of phosphorylation (Dean and Koshland, 1990; Sweeney et al., 1994; Waigmann et al., 2000) .
Introducing the phosphorylation-deficient mutation T64A/ S80A attenuated 66K protein degradation, whereas the phosphomimic T64D/S80D mutation further destabilized the 66K protein ( Figure 3C ). The differences observed were statistically significant, indicating that degradation of 66K is influenced by the presence of negative charges within the PEST sequence. However, the effects were modest, suggesting that the phosphorylation status of those residues might contribute only moderately to the regulation of metabolic stability of 66K.
Stabilization of 66K by Coexpression of 140K
TYMV 140K protein is involved in the recruitment of 66K to the sites of viral replication, which are at the periphery of chloroplast envelope membranes (Prod'homme et al., 2001 (Prod'homme et al., , 2003 . As 140K was previously reported to interact physically with the N-terminal region of 66K (Jakubiec et al., 2004) and to prevent phosphorylation of the target residues within the PEST sequence (Jakubiec et al., 2006) , we next tested whether coexpression of TYMV 140K protein would influence the stability of 66K.
The 140K protein was expressed either directly from the expression vector pV-140K or from the plasmid pV-CAT: 206K-LUC that expresses the 206K polyprotein, which, after (C) Effects of mutation of phosphorylation target sites on stability of 66K-LUC. Data are mean 6 SD of n = 24 replicates. Mann-Whitney rank test was used to test the significance of the results (*P < 0.05; **P < 0.01).
(D) Effects of coexpressing 140K replication protein or control protein (REL, Renilla luciferase) on stability of 66K-LUC. Data are mean 6 SD of n = 8 replicates.
self-processing, generates 140K and 66K-LUC proteins. In both cases, coexpression of the 140K protein, but not of a control protein (REL), led to a profound stabilization of 66K-LUC ( Figure  3D ). Such an effect was not observed on the control unfused LUC protein (data not shown), thus indicating that 140K exerts a protective effect over 66K degradation in plant cells.
Ubiquitylation of 66K Protein in Plant Cells
The great majority of proteins that are degraded by the 26S proteasome are targeted for degradation by ubiquitylation (Pickart and Eddins, 2004) . This involves the covalent conjugation of Ub, a highly conserved 76-residue protein, to the target protein via an isopeptide bond between the C terminus of Ub and the 2NH 2 group of one or more Lys residues of the protein.
Stepwise conjugation of additional Ub moieties to the first Ub molecule then generates the poly-Ub chains that are essential for recognition and subsequent degradation of the target protein by the proteasome (Thrower et al., 2000) .
To investigate if 66K-Ub conjugates are generated in plant cells, 66K transiently expressed using the pV-66K expression vector was immunodetected using anti-66K antiserum. A characteristic ladder of discrete bands was observed (Figure 4 , lane 2, arrows), consistent with 66K polyubiquitylation.
To demonstrate that these higher molecular mass products indeed represent ubiquitylated 66K, cells were cotransfected with a plasmid encoding Ub tagged with one or two c-myc epitope tags (myc-Ub and myc 2 -Ub), which are ;2 and 4 kD larger than Ub, respectively. Upon immunodetection of the 66K protein, slightly slower migrating products were detected in the presence of the c-myc-tagged Ubs (Figure 4 , lanes 4 and 5, dots), confirming that the corresponding bands represent ubiquitylated 66K.
To further confirm this result, 66K was immunoprecipitated under denaturing conditions from cells coexpressing myc 2 -Ub, and immunoblotting via anti-c-myc antibody was used to detect the conjugation of myc 2 -Ub to 66K. As shown in Figure 4 , lane 8, discrete bands and a smear of conjugated species, characteristic of the formation of a heterogeneous mixture of poly-Ub-66K conjugates, were detected. Control samples lacked similar ubiquitylated proteins (Figure 4, lanes 6 and 7) , demonstrating the specificity of the observed signals. Altogether, these results demonstrate that 66K is ubiquitylated when expressed in plant cells.
Several Lys Residues Are Ub Acceptor Sites, and Their Mutation Affects 66K Stability
Poly-Ub is generally conjugated with internal Lys residues, although N-terminal Cys, Ser, or Thr residues have sometimes been reported to constitute acceptor sites (Breitschopf et al., 1998; Glickman and Ciechanover, 2002; Cadwell and Coscoy, 2005; Vosper et al., 2009 ). To define residues critical for 66K ubiquitylation, we performed a mutational scanning analysis, substituting each of the 22 Lys residues in the 66K protein by Arg residues. As preliminary experiments suggested that all single mutants retained susceptibility to ubiquitylation, those mutations were combined altogether to generate the 66K -K0 mutant, in which all Lys residues were substituted. No ubiquitylation of 66K -K0 was detected ( Figure 5A , lane 2). Domain swapping experiments between 66K and 66K -K0 were then performed, generating 66K mutants 66K -K0+K78-152 , 66K -K0+K214-356 , and 66K -K0+K424-553 containing Lys residues exclusively in the N-terminal, central, and C-terminal domains of 66K, respectively. Ubiquitylation was detected in all three cases ( Figure 5A , lanes 3 to 5), indicating that Ub acceptor sites must exist throughout the entire 66K.
To further define the ubiquitylation sites, single Lys residues were reintroduced individually into the 66 -K0 mutant, and in vivo ubiquitylation assays were performed as described above (Figure 5B) . Immunodetection of 66K confirmed that all mutants were immunoprecipitated in comparable amounts and that they displayed the electrophoretic mobility shift characteristic of 66K phosphorylation (Jakubiec et al., 2006) . It should be noted that the Ub conjugates of these 66K mutants appeared as much fainter bands or smears than in wild-type 66K due to the presence of only a single putative Ub acceptor site. However, when compared with the 66K -K0 protein, which was used as a control in all experiments ( Figure 5B, lanes 9, 17, and 24) , specific signals are detected. Strikingly, we observed that many Lys residues, spanning the entire 66K protein, had the capacity to be ubiquitylated. However, the efficiency varied substantially between mutants: Lys-296 (lane 13) displayed the highest level of ubiquitylation, whereas Lys-460 (lane 20) was apparently not conjugated. Interestingly, while 66K mutants containing a Lys acceptor residue in the central domain (Lys-214 to Lys-340) generated polyubiquitin conjugates that were >150 kD in size, the other mutants generated chains of lower molecular mass, accumulating predominantly di-, tri-, and tetraubiquitylated 66K.
To further establish the role of each domain in the degradation of 66K, Arg substitutions affecting Lys residues 78 to 152, 214 to 356, and 424 to 553 were introduced into plasmid pV-CAT:66K-LUC, generating pV-CAT:66K K78-152R -LUC, pV-CAT:66K K214-356R -LUC, and pV-CAT:66K K424-553R -LUC, respectively, while combining the Arabidopsis protoplasts were transfected with expression vectors encoding 66K, myc-Ub, or myc 2 -Ub as indicated, and 66K was detected by immunoblotting (IB) using anti-66K antibody (lanes 2 to 5). The 66K-Ub conjugates were identified based on the ;8-kD increase in molecular mass (lane 2, arrows) and the ;2-kD difference between 66K-Ub, 66K-myc-Ub, and 66K-myc 2 -Ub conjugates (lanes 3 to 5, dots). In lanes 6 to 8, samples were immunoprecipitated (IP) under denaturing conditions using anti-66K antibody and subjected to immunodetection using antimyc antibody. The position of 66K is indicated by an arrowhead. mutations altogether generated the pV-CAT:66K K0 -LUC expression vector. The degradation rate of the corresponding mutated 66K was then compared with that of wild-type 66K. We observed that all these substitutions led to a significant stabilization of 66K ( Figure 5C ), particularly those affecting the central domain.
The Accumulation Level of 66K Affects Viral RNA Replication
To test if the accumulation level of 66K is important for viral replication, we analyzed the levels of viral RNA accumulating in infected cells treated with MG132 at late time points of viral infection as this treatment has been shown to increase the 66K protein level (Figure 1 ). As shown in Figure 6 (lanes 1 and 2) , RNA gel blotting analysis revealed that the level of viral gRNA was increased ;2.5-fold by MG132 treatment compared with the control DMSO treatment, whereas accumulation of sgRNA or (2)-strand RNA was unaffected.
As MG132 is likely to stabilize many proteins other than 66K, including host factors that may contribute directly or indirectly to viral replication, we next tested whether overexpressing 66K in infected cells might also affect viral replication. To this end, Arabidopsis protoplasts were transfected with viral RNA transcripts, together with increasing amounts of the pV-66K expression vector or pV-REL as a negative control. As shown in Figure  6 , pV-REL caused a slight increase in viral accumulation (lanes 3 to 5) that might be due to improved transfection efficiency due to a carrier DNA effect, as similar results were also obtained upon cotransfection of the empty expression vector pV (data not shown). However, the amounts of viral gRNA and sgRNA synthesized were further increased upon expression of 66K (lanes 6 to 8), thus indicating that a higher level of 66K can stimulate TYMV replication.
DISCUSSION
66K Is Degraded by UPS during Viral Infection
As judged from the large number of genes involved in Ubdependent protein turnover, as well as accumulating genetic or biochemical studies, protein degradation by the UPS is important in many plant processes, and either continuous or regulated turnover is essential in the function of many proteins occupying key positions in regulatory networks (Bachmair et al., 2001; Vierstra, 2009) .
Although it has become increasingly clear in recent years that the UPS plays a major role in the battle between plants and pathogens, only few protein targets have been identified so far (Zeng et al., 2006; Dreher and Callis, 2007; Citovsky et al., 2009; Vierstra, 2009; Trujillo and Shirasu, 2010) . The results reported here show that UPS-mediated degradation of a viral RdRp occurs in plant cells during viral infection (Figure 1 ). This result is consistent with the observed transient accumulation of 66K during infection (Prod'homme et al., 2001 ) and with its stoichiometry within viral replication complexes being only 1:20 of that of 98K protein (A. Jakubiec and I. Jupin, unpublished data) . Two independent experimental systems demonstrated 66K instability and confirmed the contribution of the UPS to the in vivo degradation of 66K independently of other viral proteins (Figure 2 ).
The 66K Degron Maps to the N-Terminal PEST Sequence
Degradation signals usually comprise two essential and separable determinants: an amino acid or conformational primary determinant that functions as a binding site for a substrate recognition factor and one or more internal Lys residue that is the site of ubiquitylation (Glickman and Ciechanover, 2002) .
The major primary determinant for 66K degradation was mapped within its N-terminal noncatalytic domain ( Figure 3B ). In contrast with Sindbis polymerase nsp4 (De Groot et al., 1991) , a viral polymerase also generated by polyprotein cleavage, 66K does not appear to be a natural N-end rule substrate ( Figure 3A) . Instead, based on its ability to function as a minimal transferable instability determinant, we conclude that the 66K degron maps to the PEST sequence ( Figure 3B) . Notably, PEST sequences are invariably identified in this particular region within different tymoviral RdRp proteins (Hé ricourt et al., 2000) , suggesting that RdRp degradation may constitute a conserved feature among tymoviruses.
Phosphorylation is one of the major signals regulating degradation of proteins by the UPS (Karin and Ben-Neriah, 2000; Hunter, 2007) . We previously proposed that phosphorylation of Thr-64 and Ser-80 within the PEST sequence may serve to control the metabolic stability of the protein (Hé ricourt et al., 2000; Jakubiec et al., 2006) . Indeed, we observed that dephosphorylation of these residues slowed down degradation, whereas phosphomimic mutations further destabilized 66K (Figure 3C) . However, the differences in 66K stability were modest, suggesting that phosphorylation of these residues is likely to have only a moderate impact on the control of 66K turnover. We cannot rule out the possibility that other, as yet uncharacterized, phosphorylation sites exist within the N-terminal region of 66K and contribute to its degradation.
Alternatively, the PEST sequence may also constitute a conditional degradation signal regulated by other means than phosphorylation. In a number of cases, PEST sequences were reported to become activated by conformational changes occurring upon ligand binding or protein-protein interactions (Rechsteiner and Rogers, 1996; García-Alai et al., 2006) . In that respect, TYMV 140K was shown previously to interact with 66K, promoting its recruitment to chloroplast envelope membranes (Prod'homme et al., 2003; Jakubiec et al., 2004) and preventing phosphorylation of the target residues within the PEST sequence (Jakubiec et al., 2006) . Because coexpression of 140K led to a more efficient stabilization of 66K than mutations affecting the Thr-64/Ser-80 phosphoresidues ( Figures 3C and 3D) , it is likely that 140K plays additional roles in that process than just inhibiting phosphorylation. As the domain of 66K that controls its stability is also part of the region to which 140K binds (Jakubiec et al., 2004) , formation of a 66K/140K complex may interfere with recognition of 66K by the UPS by masking the degradation signal. It is also possible that subsequent compartmentalization, association with other proteins, or other events sequesters the 66K polymerase from the degradation machinery.
In vivo ubiquitylation assays using 66K mutant proteins containing a single Lys residue revealed that many residues, spanning the entire protein, can be involved in Ub conjugation ( Figures  5A and 5B) . Naturally unstable proteins are frequently modified on multiple Lys residues, but the mechanisms that control monoor polyubiquitylation, chain topology, and Lys selection remain poorly understood (Catic et al., 2004; Jadhav and Wooten, 2009; Sadowski et al., 2010) . As the ubiquitylation apparatus shows remarkable flexibility (Vosper et al., 2009) , it is possible that some Arabidopsis protoplasts were infected with TYMV RNA and were either treated with DMSO or MG132 (lanes 1 and 2) or cotransfected with water (lanes 3 and 6) or with 1 or 10 mg of the expression vector encoding 66K (lanes 7 and 8) or control protein (REL, Renilla luciferase; lanes 4 and 5) as indicated. Cells were collected at 48 hpi. Equivalent protein amounts were subjected to immunoblot analysis using anti-66K antibody, and equivalent RNA amounts were subjected to strand-specific RNA gel blot analysis to detect (À)-strand and (+)-strand gRNA and sgRNA TYMV RNAs. Methylene blue staining of the membrane (rRNA) is shown to indicate RNA loading.
of the identified Lys residues may serve as acceptor sites only in the absence of other available residues. In that respect, the observation that 66K K0 -LUC is not fully stabilized ( Figure 5C ) suggests that noncanonical conjugation events might possibly occur when all Lys residues are mutated. Cys, Ser, or Thr residues can constitute alternative Ub conjugation sites, as shown in a few examples (Cadwell and Coscoy, 2005; Wang et al., 2007; Vosper et al., 2009) . Such noncanonical conjugation events could have been overlooked in the immunoprecipitation experiments shown in Figure 5A , as the experimental conditions involved hightemperature and reducing agents, conditions that will break these noncanonical linkages (Vosper et al., 2009 ). More direct approaches, such as mass spectrometry (Peng et al., 2003) , may help clarify this point, but the low level of 66K expressed during viral infection has so far precluded such analyses.
Interestingly, we observed that the pattern of ubiquitylation varied among mutants as Lys within the central domain appeared to form longer polyubiquitin chains. Ubiquitin ligases for 66K have yet to be identified, and at present it is not clear whether the same enzyme catalyzes ubiquitylation of all target residues. Based on the stabilization of 66K observed upon their substitution ( Figure  5C ), it is likely that Lys residues spanning the entire 66K protein contribute substantially to its degradation, although central Lys residues appear to be more important in that process.
The Role of UPS Degradation in Viral Replication
UPS degradation of viral or cellular proteins is a major mechanism regulating viral infection (Glickman and Ciechanover, 2002; Isaacson et al., 2009) . For (+)RNA viruses, ubiquitylation of viral proteins or requirement for proteasomal activity during viral infection has been documented in members of the Flaviviradae (Gao et al., 2003; Gilfoy et al., 2009) , Picornaviridae (Luo et al., 2003) , Coronaviridae (Yu and Lai, 2005; Raaben et al., 2010) , and Tombusviridae (Li et al., 2008; Barajas et al., 2009; Barajas and Nagy, 2010) families. To date, the roles played by the UPS in replication and infection are still unclear. As discussed by Citovsky et al. (2009) , proteasomal degradation pathways may play a dual, ambivalent role in the infection process: being either a host's defense against the pathogen, a pathogen strategy to enhance its infectivity, or possibly both due to the close coevolution of the host and its pathogens.
The fact that accumulation of TYMV gRNA is improved when 66K is stabilized or overexpressed in infected cells (Figure 6 ) suggests that the amount of RdRp available at late infection times may be a limiting factor for viral replication and that UPS degradation might contribute to a host cell defense pathway. This idea is consistent with several recent reports linking the UPS to biotic defense responses in plants (Zeng et al., 2006; Dreher and Callis, 2007; Citovsky et al., 2009; Trujillo and Shirasu, 2010) .
We observed that overexpression of 66K from an expression vector affected the accumulation of both gRNA and sgRNA, whereas treatment with MG132 affected mostly the accumulation of gRNA. The basis for this difference is unclear but may reflect a difference between cis-and trans-complementation, to which TYMV replication was previously shown to be sensitive (Weiland and Dreher, 1993) . It is also conceivable that MG132 treatment led to the stabilization of protein(s) other than 66K that may contribute directly or indirectly to the viral replication process.
In any case, these results suggest that RdRp degradation might also constitute a regulatory step in the viral multiplication cycle, consistent with previous findings reporting the importance of maintaining a correct balance of RdRp during viral infection (Pantaleo et al., 2004; Schwartz et al., 2004; Jaag et al., 2007) and in agreement with the evolutionary conservation of the PEST sequence among tymovirus RdRps (Hé ricourt et al., 2000) .
These results raise some interesting questions on the role that RdRp degradation may play during viral infection, in particular at late time points of the replication cycle (i.e., 24 to 48 hpi). One possibility is that decreasing the amount of RdRp may provide a means to temporally regulate the synthesis of the various RNA species [(2)-strand versus (+)-strand genomic or sgRNAs] in the course of viral replication. Although detailed kinetics of TYMV (+)-and (2)-strand RNA accumulation are not available, it has been shown in the case of Cucumber mosaic virus that switching of RNA replication from (2)-strand to (+)-strand synthesis occurs around 36 hpi (Seo et al., 2009 ). This switch has been proposed to correlate with changes in protein-protein interactions among the viral replication complexes, possibly leading to their dissociation and to the release of free RdRp. Whether such a model would also apply to TYMV and whether degradation of the RdRp is the cause, or the consequence, of such a switch remains to be determined.
Another interesting possibility is the idea that keeping low levels of polymerase may constitute a viral strategy to maintain the integrity of the viral genome, as high levels of RdRp may promote viral genomes rearrangements. In support of this hypothesis is the observation by Jaag et al. (2007) that high polymerase levels had a pronounced effect on the frequency of viral RNA recombination events due to template switching.
It can also be envisaged that low levels of RdRp at a late stage of cell infection may be used as a means to prevent the formation of new viral replication complexes or induce disassembly of the existing complexes, therefore allowing the pool of viral RNAs to be involved in other processes besides replication, such as packaging or cell-to-cell movement.
Finally, the down-modulation of viral replication consecutive to RdRp degradation may also be advantageous for the virus to escape from the host's defense mechanisms, such as RNA silencing in plants or type I interferon in mammals, which have both been reported to be triggered by the double-stranded RNA intermediates produced during viral replication (Voinnet, 2005; Gantier and Williams, 2007) .
In this respect, it is notable that many (+)RNA viruses have developed multiple strategies to downregulate the expression and ratio of their RdRp. These include translation from separate genomes, inhibition of translation initiation, ribosomal readthrough, frameshift, and/or differential processing of polyproteins (Buck, 1996; Pe'ery and Mathews, 2000) . Targeting for degradation by the UPS may thus represent a functionally related method of gene regulation that can be added to the list of strategies by which (+)RNA viruses regulate levels of mature cleavage products. This possibility opens new avenues for future research that may reveal yet more levels of control of viral replication with even greater levels of complexity.
METHODS
Plasmids
All DNA manipulations were performed using standard techniques. Cloning details and primer sequences are indicated in Supplemental Methods online. Plant expression vectors are derived from pV-66K, pV-66K-His, pV-140K, and pV-206K (Prod'homme et al., 2001 (Prod'homme et al., , 2003 . Infectious transcripts were derived from the full-length TYMV cDNA clone E17 (Drugeon and Jupin, 2002) . Genes encoding CAT, LUC, REL, Ub, and Ub K48R were subcloned from plasmids pBLCAT6 (Boshart et al., 1992) , pGL3 and pRL-CMV (Promega), and Yep96 and Yep110 (Hochstrasser et al., 1991) , respectively. The overall structures of all plasmids were confirmed by restriction analysis and the sequences of PCR-generated DNA fragments were confirmed by DNA sequencing.
Generation of a Stably Transformed Arabidopsis thaliana Suspension Cell Line
The 66K-His open reading frame was cloned in the binary vector pBin19 (Bevan, 1984) . Recombinant C58C1 agrobacteria were used to transform an Arabidopsis suspension cell culture by cocultivation as described (An, 1985) . Transformed cells were selected on kanamycin, and resistant calli expressing 66K-His were transferred to Gamborg liquid medium to establish a suspension cell line as described .
Pulse-Chase, Immunoprecipitation, and Immunoblotting Experiments
In vivo metabolic labeling of proteins was performed by adding 1.85 MBq/ mL of L-[ 35 S]Met and L-[ 35 S]Cys (Pro-Mix; Amersham) to the Arabidopsis suspension cell line. After 2 h, chase was performed by addition of 5 mM Met and Cys. 66K-His was immunoprecipitated using anti-66K antiserum, subjected to SDS-PAGE, and blotted to nitrocellulose membranes as described (Prod'homme et al., 2001; Jakubiec et al., 2004) . Radioactivity was detected by phosphor imaging prior to immunodetection. Quantitation of [ 35 S] incorporation was performed using ImageQuant software (Molecular Dynamics) on at least three independent replicate experiments and was correlated with the amount of 66K-His determined by NIH Image after scanning of the immunoblots.
Total protein extraction, SDS-PAGE, and anti-66K immunoblotting were performed as described using NBT/BCIP (Sigma-Aldrich) as a substrate (Prod'homme et al., 2001) . For detection of Ub conjugates, N-ethylmaleimide (45 mM) was included in all buffers used to immunoprecipitate 66K. Samples were subjected to SDS-PAGE and blotted to polyvinylidene difluoride membranes. Membranes were treated with Pierce protein gel blot signal enhancer and incubated with anti-myc monoclonal antibody (9E10) (1/3000), followed by chemoluminescent detection using CDP-Star as a substrate (Roche). Membranes were exposed to Super RX films (Fujifilm). For detection of LUC derivatives, protein samples were subjected to SDS-PAGE and blotted to nitrocellulose. Membranes were incubated with anti-LUC antibody (Santa-Cruz) (1/ 100), followed by detection with NBT/BCIP.
Preparation and Transfection of Arabidopsis Protoplasts
Protoplasts of Arabidopsis were prepared and transfected with 5 to 15 mg of plasmids, viral RNAs, or in vitro transcripts as described (Boudsocq et al., 2004; Camborde et al., 2007) .
Reporter Assays
Protoplasts collected 48 h posttransfection (hpt) were lysed in Cell Culture Lysis reagent (Promega), and luciferase activity was measured on a Berthold microplate luminometer using the Luciferase assay system (Promega). The amount of CAT enzyme present in the same protein sample was assessed using ELISA immunoassay (Roche).
Inhibitor Treatments
MG132 and clastolactacystin b-lactone (Calbiochem) were dissolved in DMSO and used at a concentration of 100 and 25 mM, respectively. Stably transformed cells were treated during metabolic labeling, and further addition was performed at 4 and 10 h of chase. Transfected protoplasts were treated 44 hpt for reporter gene assays and immunoprecipitation of Ub conjugates experiments or 28 and 36 hpt for viral infectivity assays.
RNA Extraction and RNA Gel Blot Hybridization
Total RNA extraction from protoplasts, electrophoresis, and blotting was performed as previously described (Jakubiec et al., 2006) . The RNA gel blot was hybridized with a digoxygenin-labeled RNA probe as described (Prod'homme et al., 2003) and was revealed with CDP-Star as a substrate (Roche). Signal was acquired using the Fujifilm Image Analyzer LAS-3000, and quantitation of viral RNAs was performed using NIH Image and serial dilutions of RNA extracts to ensure signals were in the linear range.
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